Pul se oximetry estimates arterial hemoglobin oxygen saturation (Sao 2 ) from the ratio of the pulsatile to the total transmitted red light divided by the same ratio for infrared light transilluminating a finger, ear, or other tissue. The Sao 2 estimated by pulse oximetry (Spo 2 ) should therefore be independent of skin pigmentation and many other variables, such as hemoglobin concentration, nail polish, dirt, and jaundice. Several large controlled studies, including one comparing 380 African American and Caucasian subjects reported no significant pigment-related errors in pulse oximeter measurements at normal Sao 2 (1, 2) .
We recently examined the performance of three pulse oximeters (Nonin Onyx, Nellcor N-595, and Novametrix 513) and found a positive bias in Spo 2 in darkly pigmented subjects as large as 7% in the Sao 2 range of 70%-79% (3) . That study, because of its relatively small size (21 subjects) and study design (subjects with either very light or very darkly pigmented skin, no intermediates), did not have the power to determine the relationship between differences in skin pigment, whether gender affected errors, and if oximeter probe type (e.g., clip-on versus adhesive/disposable) contributed to the errors.
A significant issue for pulse oximeter accuracy is finger size and geometry. In 20 yr of testing pulse oximeters, it is our impression that women, especially those with smaller fingers, tend to exhibit greater bias and variability in oximeter performance, especially at low Sao 2 , although this has not been systematically examined.
On the basis of the above considerations, we designed this study to 1) determine the effect of a range of human skin pigmentation on pulse oximeter accuracy at a range of Sao 2 from 70% to 100%; 2) determine whether gender affects pulse oximeter accuracy; and 3) determine whether probe type (adhesive disposable versus clip-on) affects the accuracy of Sao 2 estimates/Spo 2 values.
METHODS
The University of California at San Francisco Committee on Human Research approved the study, and informed consent was obtained from all subjects. Thirty-six healthy, nonsmoking subjects were studied. None of the subjects had lung disease, obesity, or cardiovascular problems. They ranged in age between 19 and 44 yr. We specifically sought subjects with a range of skin pigment for this study. Each subject's skin was categorized as light (Caucasian), dark (African American), or intermediate (others , Table 1 ), and confirmed in subject photographs by an observer blinded to saturation data/oximeter performance.
Subjects were studied while reclining in a semisupine position (approximately 30°head up) and deliberately hyperventilating air-nitrogen-CO 2 mixtures via a mouthpiece from a partial rebreathing circuit with 10-to 20-L/min fresh gas inflow. CO 2 was added to the breathing circuit to maintain end-tidal Pco 2 in low normal range. A nose clip prevented breathing of room air. A 22-gauge radial artery catheter was placed to facilitate arterial blood sampling for measurements of Sao 2 . Six oximeters were mounted on each subject's fingers: a Nellcor N-595 with the OxiMax A disposable adhesive finger probe (Nellcor Inc., Pleasanton, CA), a clip-type Nellcor finger probe, a Masimo Radical (Masimo Inc., Irvine, CA) clip type and a Masimo Radical adhesive disposable type probe, and a Nonin (Nonin Inc., Plymouth, MN) 9700 clip type and a Nonin 9700 disposable adhesive probe. Spo 2 from the analog output connectors of the oximeters and the end-tidal gas values were recorded by a computer running LabVIEW 7.1 (National Instruments, Austin, TX). Oximeter probes were not mounted on the thumbs or little fingers.
A series of 11 stable target Sao 2 plateaus between 60% and 100% were achieved by an operator who adjusted the inspired air-nitrogen-CO 2 mixture breath by breath in response to the estimated Sao 2 derived from an oxyhemoglobin dissociation curve determined for each individual subject from mass spectrometer end-tidal gas analysis. Input parameters for the computer oxygen dissociation curve included arterial pH estimated from end-tidal partial pressure of CO 2 , base excess adjusted if needed after each arterial blood sample was analyzed, and alveolar-arterial oxygen difference as needed, especially at low Sao 2 , to attempt to match the predicted with the measured Sao 2 . At each level, arterial blood was sampled after a plateau of 30 -60 s had been achieved, followed by a second sample at the same plateau 30 s later. To promote good finger blood flow, each hand was wrapped in a warming pad. divided by number of samples) was calculated as a measure of error magnitude. To analyze the effect of gender and skin pigment, RMS error was calculated for individual subjects within decadal Sao 2 ranges. The effect of skin pigment, Sao 2 interval and gender on RMS error was determined by Kruskal-Wallis or Wilcoxon's signed rank test. Multivariate (mixedeffects) models were used to analyze the effect of skin pigment, gender, age, hemoglobin, oximeter and probe combination, and Sao 2 on bias and RMS error. P Ͻ 0.05 was considered statistically significant. Statistical analysis was performed with JMP 5.1 (SAS Institute, Cary, NC).
RESULTS

Demographics
Seventeen female and 19 male subjects participated. Seventeen subjects were dark, 7 intermediate, and 12 light skinned. No differences in the distribution of male and female subjects were found in the different skin pigment categories. Subjects averaged 29 Ϯ 5 yr (19-44 yr) ( Table 1) . Dark-skinned subjects were slightly older (P Ͻ 0.01), but there was no age difference between light-and intermediate-skinned subjects. 
Bias
With the exception of the Masimo Radical with the adhesive finger probe, all instruments and probe combinations showed positive bias in intermediateand dark-skinned subjects at low Sao 2 (60%-70% and 70%-80% saturation decades, Figs. 1 and 2 ). The greatest degree of bias was found with the adhesive probes; the Nellcor and Nonin adhesive probes showed bias of 4.5%-4.9% at 60%-70% saturation and 2.4%-3.6% bias at 70%-80% saturation with darkskinned subjects. At the extreme, the Nellcor adhesive and the Masimo with clip-on probe read on average 
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Effect of Gender and Skin Pigment on Pulse Oximeter Accuracy nearly 10 points differently in dark-skinned subjects at 60%-70% saturation and seven points at 70%-80% saturation.
Pulse oximeter bias was significantly influenced by Sao 2 range for all oximeters and probe combinations ( Figs. 1 and 2) . The relationship between bias and Sao 2 was found to be similar statistically, whether analyzed by decadal Sao 2 range (Figs. 1 and 2) or by linear regression analysis (not shown). The pattern of bias varied according to oximeter configurations, with all except the Masimo Radical and adhesive probe showing increasing positive bias at low Sao 2 . The analysis revealed essentially the same results when performed for fractional Sao 2 in place of functional Sao 2 (not shown).
Gender is a statistically significant determinant of pulse oximeter bias, with the magnitude of the gender bias differences varying with oximeter/probe type and Sao 2 range. With five of the six oximeter/probe combinations, females had greater bias in saturation estimates over the saturation range from 60% to 100%.
Multivariate Analysis: Effects of Skin Pigment, Gender, and SaO 2 on Bias Multivariate analysis was used to examine relationships between skin pigmentation classification, gender, age, hemoglobin, Sao 2 and probe/oximeter combination and the outcome variable bias. The P values for these analyses are presented in Table 2 for each oximeter/probe combination separately.
Sao 2 was a highly statistically significant predictor of bias in all analyses. Although the results in Table 2 are shown for modeling Sao 2 as a continuous variable, the results were essentially the same when the analysis was performed with decadal ranges of Sao 2 .
The effect of skin pigment on bias is also presented in Table 2 . Skin pigment significantly predicted bias for the oximeters listed. Similar conclusions were reached when performing the analysis by the ethnicities shown in Table 1 . However, the most robust statistical model included gender, skin pigment, and Sao 2 , with the interaction terms of skin pigment with Sao 2 (Skin ϫ Sao 2 ) and gender with Sao 2 (Gender ϫ Sao 2 ) included. The interaction for gender with skin pigment was not statistically significant. Age was not statistically significant.
Hemoglobin and gender were too significantly correlated to be separated in the multivariate analysis, 11.8 Ϯ 1.2 (women) vs 13.9 Ϯ 0.8 (men), P Ͻ 0.0001. Hemoglobin was statistically significant in place of gender, but with both variables in the model, neither was clearly better.
RMS Error
Sao 2 range was a highly significant determinant of RMS error for all the groups shown in the tables except for male subjects using the Nonin 9700 and a permanent probe. Univariate analysis of the effect of skin pigment showed that dark-skinned subjects tended to have higher RMS errors, although this was not statistically significant within every Sao 2 range. RMS error for dark-skinned subjects was more than 3.0% in several of the gender/Sao 2 combinations.
Multivariate Analysis: Effects of Skin Pigment, Gender, and SaO 2 on RMS Error Table 3 shows the results of multivariate analysis of how RMS error is influenced by gender, skin pigment, and Sao 2 . Sao 2 range was a consistent predictor of RMS error, with error increasing at low Sao 2 . Skin pigment and gender, or both, were also statistically significant factors with various oximeter-probe combinations. The interaction term for skin pigment with Sao 2 and gender with Sao 2 were also significant for some oximeter/probe combinations. Two oximeters, the Nonin 9700 with clip-on probe and the Masimo radical with the adhesive probe, did not show an effect of skin pigment, although both had a significant 
DISCUSSION
Confirming a previous study (3) , but expanding the oximeters and probes studied, we found that pulse oximeters generally overestimate Sao 2 in hypoxic subjects (Sao 2 values below 80%.) This bias was generally the greatest in dark-skinned subjects, intermediate for intermediate skin tones, and least for lightly pigmented individuals, although Spo 2 was underestimated by one type of oximeter, the Masimo Radical with the adhesive/disposable probe.
Theoretically, the ratio of the pulsatile to the total transmitted red light divided by the same ratio for infrared light should be dependent only on arterial saturation, making pulse oximetry independent of skin color. In practice, venous and tissue pulsation by mechanical force from nearby arteries causes deviations from this ideal. The chromatic characteristics of skin color arise from the interactions of light (primarily absorption and scattering) with the epidermis and the dermis. Because deoxyhemoglobin and melanin are the primary light absorbers in skin at the wavelength used for hemoglobin absorbance, the effective lightpath for red light through the finger will vary with skin pigmentation. The magnitude of this effect will vary with skin pigment, tissue perfusion, and with finger geometry, and apparently with oximeter design. Therefore, pulse oximeter performance must be partly based on empirically determined correction factors obtained by in vivo comparison of oximeter readings with measured Sao 2 from arterial blood samples of volunteer subjects.
In our 20 yr of testing pulse oximeter accuracy, and probably in other testing laboratories, the majority of subjects have been light skinned. Most pulse oximeters have probably been calibrated using light-skinned individuals, with the assumption that skin pigment does not matter. In addition, several studies have shown that skin pigment does not produce errors in Spo 2 estimates at high Sao 2 ranges (1,2) . The current data show that skin pigment introduces a positive bias at low Sao 2 in the Nonin, Masimo, and Nellcor instruments. Our previous study (3) reported similar findings for the Nellcor N-595 clip-on sensors, and for Nonin Onyx and Novametrix 513.
An important finding in the current study is that there is probably a continuous quantitative relationship between skin pigment and oximeter bias. This is seen in Figures 1 and 2 in which, for every oximeter and probe combination, light skin produced the smallest bias across the Sao 2 range, intermediate skin tones an intermediate degree of bias, and dark skin the greatest bias. Our earlier study (3) maximized power by studying only two extremes of skin pigment: very dark and very light. The current study enrolled subjects with a full range of skin pigment. The fact that the Spo 2 bias changes in an ordered relationship with skin pigment strongly indicates that our findings are due to skin pigment itself, rather than from some other effect. To further pursue this question, we performed all the univariate and multivariate analyses of bias with skin color quantified with a numerical scale (Munsell number) measured by a commercial color laboratory from photographs of the subjects' hands. This analysis, done by treating skin Munsell number as continuous variable, was not significantly more robust statistically than the simpler categorization of dark, light, and intermediate skin pigment groups, and we have omitted the data here.
As clearly seen in Tables 2 and 3 and Figures 1 and  2 , Sao 2 is a highly significant determinant of pulse oximeter bias. The most common pattern with early model oximeters was negative bias at lower Sao 2 levels. Newer oximeters exhibit both positive and negative bias patterns for different oximeter/probes combinations. Because of the fundamental influence of Sao 2 on bias, it is essential to account for this effect when analyzing additional influences such as skin pigment and gender. Therefore, all data are presented in the context of Sao 2 range, and analyzed with respect to Sao 2 range or continuous Sao 2 value.
Gender was a statistically significant univariate predictor of pulse oximeter bias. This observation may relate to smaller finger size and a correspondingly smaller pulsatile signal detected by the sensor, a variant of the problem with light attenuation due to dark skin pigmentation. The female subjects had lower levels of hemoglobin, which was statistically significant in place of gender. Because lower hemoglobin was so highly associated with female gender, it was not possible to statistically separate the contributions of gender and low hemoglobin to oximeter error or bias. Anemia was previously reported to increase bias in pulse oximetry (4) . We also cannot eliminate the influence of other confounding variables that we did not measure.
The univariate analyses presented in the tables and figures have important limitations. For example, the possibility of confounding influence among skin pigment, gender, Sao 2 , and age might affect the results. Further, we recognize that while specific combinations of gender, skin pigment, and Sao 2 values produce statistically significant differences, the overall statistical significance of the variables themselves is of greater relevance. Multivariate analysis (Table 2) confirmed this highly significant influence of Sao 2 on bias.
The most robust statistical model included the interaction of Sao 2 with both gender and skin pigment. Also, interaction terms were more important than the influence of both variables themselves. This interaction is clearly seen in the data: bias is not greatly affected by gender or skin pigment at higher Sao 2 , but increases with oxyhemoglobin desaturation. Age was not a statistically significant variable in the multivariate analysis, although the age range of our healthy subjects was smaller than might be encountered clinically.
This study and a previous study (3) have found that five types of oximeters show varying degrees of bias at low Sao 2 , suggesting that this bias is a general feature of oximeter design. However, the clip-on probes generally exhibit less bias than the adhesive probes, suggesting that design of sensors or software can affect oximeter accuracy. Because we tested only three types of oximeters in this study and three in a previous study (3), our results may not apply to pulse oximeters made by other manufacturers.
Variability, as measured by RMS error, also increased because of skin pigment. Unlike bias, where positive and negative values may average to give a low mean value, RMS error will also be high with higher variability of bias. RMS error increases at lower Sao 2 , which was the most important variable. Gender was a small, but statistically significant, factor for several oximeter-probe combinations. Skin pigment was not a statistically significant variable for two oximeters: the Nonin 9700 with clip-on probe and the Masimo radical with adhesive probe. However, similar to the effect of skin pigment on bias, the RMS error was higher in darkly pigmented individuals. RMS error for Sao 2 of 70%-100% is used for Food and Drug Administration device approval. Above 3.0 is not acceptable, yet there were several instances of oximeter-probe combinations with values over 3.0. Nearly all values over 3.0 are seen for darkly pigments subjects, and none for lightly pigmented.
The magnitude of the pulse oximeter error due to dark skin pigmentation is relatively small at Sao 2 values more than 80%, and probably of no general clinical significance. However, in individuals with darkly pigmented skin, bias of up to 8% was observed at lower Sao 2 levels, which may be quite significant under some circumstances. For example, in congenital heart disease, many patients have stable low Sao 2 values, and accuracy in an outpatient setting or during surgery may be desired. At high altitude, pulse oximeters are frequently relied on for accurate readings in both research and clinical settings, and the bias at lower Sao 2 may be important. Furthermore, studies examining ethnic differences in treatment responses based on Sao 2 as determined by pulse oximetry (e.g., treatment of lung diseases) need to account for differences in oximeter readings between light and darkly pigmented subjects. This may be relevant for the United States Food and Drug Administration or to other regulatory bodies to consider this in designing pulse oximeter accuracy standards.
We conclude that skin pigmentation, gender, and type of oximeter probe all affect pulse oximeter bias and error at low Sao 2 with a bias of approximately ϩ5% at 75% saturation seen in three manufacturers' instruments. These deviations may be clinically relevant in some situations.
